Pinguipes brasilianus is a conspicuous and abundant rocky-reef fish inhabiting the Northern Patagonian gulfs of Argentina, Southwest Atlantic. This study describes its reproductive biology in this region. We made macroscopic and histological descriptions of the testis and ovary development, analyzed the evolution of the gonadosomatic index (GSI) in both sexes throughout the year, and estimated fecundity and length at 50% maturity for females. Pinguipes brasilianus is a multiple spawner with indeterminate annual fecundity and an extended reproductive season, encompassing austral spring and summer. Low GSI values in males (monthly means ranged between 0.11% and 0.75%) and low relative fecundity in female fish (between 2 and 44 oocytes/g) are consistent with a need of close proximity between male and female during oocyte fertilization, sexual courtship and with spawning in pairs and/or within reef crevices. The estimated length at 50% maturity (± SD) for females was 15.22 ± 0.43 cm total length. Although P. brasilianus shares the main reproductive features of its congeneric species Pinguipes chilensis, male GSI and female length at 50% maturity in P. brasilianus were markedly lower than those reported for P. chilensis, while relative and batch fecundity were greater in fish of the same size.
Introduction
Pinguipedidae (Perciformes), mostly represented by tropical and warm-temperate species, is composed by demersal marine fishes distributed along the Atlantic and Pacific coasts of South America, the Atlantic coast of tourist centres within Peninsula Valdés (Sanabra, 2002; Venerus, 2006) , and along the Northern Patagonian coast of Argentina. Previous studies on P. brasilianus focused on its biomass as a potential fishery resource (Otero et al., 1982) , morphological and osteological features (Herrera & Cousseau, 1996; Rosa & Rosa, 1997) , parasitic fauna (Timi et al., 2010) , diet (Galván et al., 2009b) , and spatiotemporal dynamics (Galván, 2008; Irigoyen et al., 2013) .
With the aim of gaining insight into the reproductive strategy and the population dynamics of one of the conspicuous, most abundant species from Northern Patagonia rocky reefs, we describe for the first time the reproductive biology of P. brasilianus off the coast of Argentina. In addition, we provide macroscopic and histological descriptions of the gonad development, as well as fecundity estimates. The results may be relevant to help identifying appropriate strategies for managing this species in temperate rocky reefs from Northern Patagonia.
Material and Methods
Sampling. Specimens were hand-lined or spear-fished within the Northern Patagonian gulfs San Matías, San José and Nuevo (41°23′S to 42°57′S), and trawled off Rawson city (43°15′S to 43°45′S). Additional samples were obtained from the recreational angling and spear fisheries that take place in those gulfs. Although the samples were collected between August 2009 and July 2013, they were pooled by month of capture, irrespective of location, date and year, for the different analyzes, because of the low number of specimens collected in each sampling date. Between 14 and 41 males and between 5 and 25 females were available per month, which would cover a whole annual cycle. A total of 165 females (size range: 11.5-42.5 cm total length, TL) and 236 males (size range: 12.5-44.5 cm TL) were included in this study (Table 1) . Table 1 . Number of Pinguipes brasilianus used for each analysis, categorized by sex and month. The size range (TL, in cm) is showed in parenthesis. Note that most fish sampled in summer (January to March) came from the monitoring of the recreational fishery, and hence it was only possible to keep the gonads but not the whole fish to estimate GSI. W/d: without data. Total fish length, measured to the lowest mid-centimeter, and total body mass (TW) ± 1.0 g were recorded for each fish. Specimens were dissected for sex determination, gonads were weighed (GW) ± 0.1 mg and fixed in formalin 10%. A transversal portion of ~1-g sample was removed from each gonad, and manually dehydrated in ethanol for 3 h, cleared in xylol for other 3 h and embedded in paraffin during 24 h. Sections were cut at 5-mm thickness with a microtome (Yamato PR-50) and stained with Harris's hematoxylin followed by eosin counterstain (García del Moral Martín, 1993) .
Reproductive cycle. The reproductive cycle was inferred from the proportion of gonads in different maturity stages and from the evolution of the gonadosomatic index GSI = 100 GW / (TW -GW) (Cailliet et al., 1986 ) throughout the year. Gonad maturity classification, applied to 147 females (14.0-42.5 cm TL) and 188 males (12.5-44.5 cm TL) (Table 1) , was based on a modified microscopic classification scheme proposed by Brown-Peterson et al. (2011) . Five microscopic stages were defined for each sex based on the most advanced gamete stage present and by some distinctive features of the gonads of P. brasilianus (Table 2) . We estimated 95% confidence intervals (CI) for the monthly fraction of spawning-capable fish following the method by Clopper & Pearson (1934) for binomial proportions.
GSI values were calculated only for mature specimens: fish >21.0 cm TL (assumed to be mature, see Results) and those <21.0 cm TL categorized as such by the histological analysis, which totalized 111 females (14.5-42.0 cm TL) and 180 males (12.5-43.5 cm TL) (Table 1) . Seasonal trends in GSI were evaluated separately for each sex. As the inspection of the raw data suggested heterogeneous variance, we used generalized least squares models for allowing heterogeneity (Zuur et al., 2009) . Total fish length and month were tested as potential explanatory variables.
In addition, the relationship between water temperature and photoperiod vs. GSI was assessed by fitting two generalized lineal models, one for each variable (McCullagh & Nelder, 1989; Zuur et al., 2009 (Table 1) . Those characteristics were inferred from the presence of hydrated oocytes and the absence of new postovulatory follicles (POFs) (Murua & Saborido-Rey, 2003) . Between one and three ~1-g samples were cut from the ten ovaries, belonging to different fish (n = 21). To avoid any biases originated from potential differences in oocyte development along the length of the ovaries, we compared the numbers of hydrated oocytes per g of gonad, transversally cut from the anterior, middle and posterior areas of five randomly selected ovaries (Hunter et al., 1985) , by running a non-parametric Quade test (Quade, 1979) . We chose a non-parametric test in this case because the low number of samples did not allow us to test normality properly. As the selection of the method for estimating fecundity depends on the pattern of oocyte development (i.e., determinate or indeterminate fecundity), we analyzed the oocyte size-frequency distribution in a subset of three females, prior to deciding which approach should be used for P. brasilianus (Hunter et al., 1985) . Oocytes >100 µm were brushed apart from the ovary samples and were measured macroscopically on a random orientation basis from digital photographs (5.5 Mpx) by using the free software ImageJ. When oocytes were not perfectly spherical in shape, we measured the largest axis. Then we grouped size data in 100 µm classes and inferred the spawning pattern from visual inspection of the resulting distributions (West, 1990) . As the oocyte size-frequency distributions were multimodal (see results), we estimated batch fecundity following the hydrated oocyte method described in Hunter et al. (1985) , and relative fecundity, for each female:
where: BF = batch fecundity, H i = number of hydrated oocytes in each ovary sample i, Wi = weight of each ovary sample i, n = number of ovary samples, and GW = weight of both ovaries; and where: RF = relative fecundity, and TW WO = total weight excluding the ovaries.
Finally, we described the relationship between batch and relative fecundity versus fish length by fitting both power and exponential functions of the forms:
and
where the sub indexes P and E represent the type of function (power and exponential, respectively), and a, b, c and d are model parameters. We used non-linear least squares for fitting the models. Data were weighted according to the number of ovary samples used for estimating each fecundity value.
Model fitting. All models were fitted by using the packages 'nlme' (Pinheiro et al., 2014) , 'nls2' (Grothendieck, 2007) and 'stats' included in the R software (R Development Core Team, 2014). Generalized least squares and generalized linear models were fitted by using the gls and glm functions, respectively. The power and exponential functions were fitted with the nls2 function. The Quade test was run with the quade.test function of the 'stats' R package. The corrected Akaike Information Criteria (AICc) was used for model selection (Burnham & Anderson, 2004) , with the exception of the quasibinomial model for which it is not defined (see Zuur et al., 2009) . To analyze the evolution of GSI, P-values were adjusted for multiple comparisons among model coefficients by the sequential rejective Bonferroni test (Holm, 1979) 
Results

Gonads development.
Pinguipes brasilianus is a dioicus species. Its gonads, located in the antero-dorsal region of the peritoneal cavity, are elongated and symmetrical. The testes are white, triangular in section and lobular in structure.
During the spent period their color turns into grey. The ovaries are circular in section and their color changes from orange to reddish during the spent period. During the immature phase in female fish, primary growth oocytes (PGO) were observed in the ovaries (Table  2 , Fig. 1a ). The appearance of cortical alveoli oocytes (CAO) indicated that fish had already reached sexual maturity. Gonads having CAO as the most advanced oocyte type are considered to be in the developing phase, which also comprehend those ovaries containing vitellogenic oocytes (VtgO) (Fig. 1b) , or with signs of prior spawning. The spawning capable phase, defined by the presence of oocytes in hydration, ovulation or with postovulatory follicles (POFs) (Fig. 1c) , indicates that release of gametes may be imminent or that spawning occurred recently. The cycle continues with the regressing phase, characterized by the presence of abundant atresias (Fig. 1d) . Regenerating is the last phase of the developmental cycle; it is represented by the presence of PGO and a thick ovarian tunica (Fig. 1e) . Females are reproductively inactive at this stage.
Immature males were not caught. Early developing males were characterized by the presence of spermatogonia (Sg) and primary spermatocytes (Sc1) (Table 2, Fig. 2a) . Males having Sc1, secondary spermatocytes (Sc2), spermatid (St) and spermatozoa (Sz) within the spermatocysts in their testis remain in the developing phase (Fig. 2b) . Sz were the most abundant germ cells in the spawning capable phase (Fig. 2c) . The cycle continues with the regressing phase, characterized by the absence of Sz in the sperm ducts and in the lumen of the lobules, cessation of spermatogenesis, and a decreased number of spermatocysts (Fig. 2d) . During the regenerating phase, fish are sexually mature but reproductively inactive. Gametes are undergoing active gonadotropin-independent mitotic proliferation in preparation for the next reproductive cycle (Fig. 2e) . (Fig. 3) . No females were found ripe in July. The reproductive cycle was less marked in males, as mature fish in developing and spawning capable stages predominated throughout the year, particularly between August and March (Figs. 3 and S1, available as Supplementary Material). Regressing and regenerating phases (6-29%) were only found between March and August. Fig. 3 . Monthly evolution of the proportion of gonad stages (excluding immature fish) for females (n = 147) and males (n = 188) Pinguipes brasilianus. The X symbol over some bars indicates those cases in which ten or less gonads were classified.
Monthly mean GSI values for P. brasilianus ranged between 0.73% and 5.51% in females, and between 0.11% and 0.75% in males (Fig. 4) . The evolution of this index matched the pattern inferred from gonadal maturation. The selected GSI models for each sex included the explanatory variables TL and month (Table 3) . Heterogeneity was incorporated into the models by allowing each month having a different variance. Irrespective of sex, the gonadosomatic index increased smoothly with fish length (females: slope = 0.052, Student-t = 4.50, P<<0.001; males: slope = 0.006, Student-t = 3.34; P=0.001). Although results from multiple contrasts between months were rather messy (Fig. 4) Gamma models with log link were selected for evaluating the relationship between GSI vs. photoperiod and SST, respectively. In both sexes, GSI increased with photoperiod (females: slope = 0.208, Student-t = 8.04, P<0.001; males: slope = 0.287, Student-t = 11.70; P<0.001) and SST (females: slope = 0.084, Student-t = 3.54, P<<0.001; males: slope = 0.09, Student-t = 4.45; P<<0.001) (Figs. S2-S3 , available as Supplementary Material). The models reduced significantly the residual deviance and explained 32.6% and 39.4% (photoperiod), and 8.0% and 7.8% (SST) of the variability in the data for females and males, respectively. Between November and February, daytime for the study area ranged between 14.5 and 15.0 h and SST, between 13.5°C and 19.0°C. From August through October, when roughly half of the females were found spawning capable, daytime ranged between 10 and 13 h, and SST, between 10.5° and 12.0°C.
Greatest accuracy for female L 50 was obtained by grouping fish length by 3-cm TL classes. Best female maturity model explained 97% of the variability in the proportion of mature fish. The estimated L 50 was 15.22 ± 0.43 cm TL (F = 230.42, P<<0.001) (Fig. 5) . The smallest mature female sampled was 14.0 cm TL, and by 20.5 cm TL all fish sampled were already mature. Although male L 50 could not be estimated because lack of data, the smallest mature male was 12.5 cm TL and the largest immature fish was 33 cm TL. Spawning frequency and batch fecundity. The coexistence of batches of oocytes in different vitellogenic stages was evident from the multimodal frequency distributions of oocyte diameters for gravid females (Fig. 6) . Due to the compatibility between this and an indeterminate annual fecundity pattern, we estimated batch fecundity for P. brasilianus. Hydrated oocytes (i.e., >700 µm) were uniformly distributed across the ovary (Quade F = 3.28; P = 0.091). Most of the gravid females sampled had simultaneously hydrated oocytes and POFs. Mean batch fecundity ± SD was 16,328 ± 14,826 hydrated oocytes, and ranged between 342 (in a 24.0-cm-TL female) and 47,949 (in a 42.0-cm-TL female). Batch fecundity increased nonlinearly with TL. Both the power and exponential models fitted well to the data, and the AIC did not allow to chose the best model between them (AIC values = 154.8 and 154.7, for the power and exponential functions, respectively). Model parameters were a BF = 1.09e-07 ± 4.33e-07 and b BF = 7.16 ± 1.07 for the power function, and c BF = 17.38 ± 18.66 and d BF = 0.19 ± 0.03 for the exponential function (Fig. 7a) . Mean relative fecundity ± SD for fish between 24.0 cm and 40.0 cm TL was 23.24 ± 17.42 oocytes/g and ranged between 2.04 and 43.90 oocytes/g, respectively. Mean relative fecundity also increased with size (Fig. 7b) , and again, the AIC did not allow to chose the best model between the power and the exponential functions (AIC values = 34.4 and 34.8, respectively). Model parameters for relative fecundity vs. TL were a RF = 3.40e-07 ± 2.29e-06 and b RF = 5.07 ± 1.85 for the power function, and c RF = 0.16 ± 0.31 and d RF = 0.14 ± 0.05 for the exponential function (Fig. 7b) . 
Discussion
Some features of the reproductive biology of fishes, including the duration of the spawning season, the dynamics of oocyte maturation, and the type of fecundity and its extent, shape the population dynamics of a species by affecting the availability of early stages. Here we present the first study dealing with the reproductive biology of P. brasilianus, one of the two pinguipedid species that inhabits the coastal waters off Argentina. Although samples were not available for a few autumn months (i.e., May and June), and juveniles (i.e. fish <15 cm TL) were not selected by the gears used to catch fish, apart from the fact that fish <10 cm TL seem to be spatially segregated from the adults, our data covered most of the annual cycle and allowed us to infer about the general pattern. As fish came from a restricted coastal area (41°S-43°S), we assumed that they were no significant differences in the reproductive parameters of the populations sampled and hence data for all fish were pooled.
Pinguipes brasilianus shares the same general reproductive features of other pinguipedid fishes from the Southern tip of South America: P. chilensis and P. semifasciata: it is a dioicus species with external fecundity that releases several batches of oocytes throughout an extended spawning season (Macchi et al., 1995; González, 1998; González & Oyarzún, 2002) . This latter feature, together with the coexistence of oocytes from all developmental stages in the ovaries indicate that P. brasilianus is a multiple spawner. Besides, the occurrence of hydrated oocytes and POFs in most of the gravid females sampled pointed to a high spawning frequency in this species. The reproductive season for the Brazilian sandperch in Northern Patagonian waters peaks approximately between October and February, but some females were sampled in the spawning capable stage during previous months (i.e., August to October). As it occurs in other pinguipedids, male GSI values were low (monthly means ranged between 0.11% and 0.75%). The estimated length at 50% maturity (± SD) for females was 15.22 ± 0.43 cm TL and the relative fecundity ranged between 2 and 44 oocytes/g for fish between 24.0 and 40.0 cm TL.
The low batch fecundity and mean male GSI in P. brasilianus are consistent with a mating system involving a close proximity between the sexes at the time of spawning, sexual courtship or spawning in pairs and/or within reef crevices, as it is hypothesized to occur in P. semifasciata (Macchi et al., 1995; González, 2006; Venerus et al., 2008) . In fishes with seasonal reproductive cycles, the relative investment of males in spermatogenesis, measured by the GSI, correlates with both the intensity of sperm competition (Stockley et al., 1997; Taborsky, 1998) and the type of spawning behaviour (Suquet et al., 1994) . The occurrence of high male GSI values (i.e., maximum GSI ≥ 5%) is common in species with communal spawning, where a strong sperm competition may occur (e.g.: serranids, Erisman & Allen, 2006) . Conversely, low male GSI values are associated with spawning generally in pairs (Warner, 742 1997) , where sperm competition may be reduced or absent (e.g., maximum GSI <2% for some serranids belonging to the genera Cephalopholis Bloch & Schneider 1801, Erisman et al., 2007) . Most general, pinguipedid fishes have low male GSI values associated with the occurrence of haremic mating systems and/or territorial behaviours, for example, maximum GSI = ~0.8% in Parapercis colias (Forster 1801) (extracted from fig. 1 in Pankhurst & Conroy, 1987) , and ranged between 0.09% and 0.31% in Parapercis cylindrica (Bloch 1792) (Walker & McCormick, 2004) , and between 0.02% and 0.14% in P. semifasciata (González, 1998) . Mean male GSI values in P. brasilianus, reaching a maximum of 0.75%, were in the same order of magnitude of those from other pinguipedids, and all of them were lower than the reported for P. chilensis, suggesting that some differences in the reproductive behavior among these species may occur.
Female length at 50% maturity also differed considerably between P. brasilianus and P. chilensis: while we estimated a L 50 of about 15 cm for female P. brasilianus, González Kother (2001) reported 30 cm for P. chilensis. Nonetheless, the smallest female caught in her study was 28 cm TL (González Kother, 2001) . Such a great difference in L 50 between both species was most probably due to the lack of small fish in samples from Chile, which could have led to an overestimation of that parameter given that the greatest percentage increase in mean GSI between consecutive size groups (e.g., Finucane & Collins, 1984) was the criterion used to determining size at maturity in P. chilensis (González Kother, 2001 ).
Relative fecundity in P. brasilianus was low compared with other South Atlantic species, like hakes (e.g., Merluccius hubbsi Marini, 1933: 85-1040 oocytes/g, for fish between 29 and 95 cm TL, Macchi et al., 2013) and sciaenids (mostly about 150-200 oocytes/g, Militelli et al., 2013) . As a general rule, fecundity in fishes decreases with increasing egg size and increasing parental care (Helfman et al., 2009) . In sciaenids inhabiting the Buenos Aires Coastal Zone off Argentina, Militelli et al. (2013) found support for this idea since Pogonias cromis (Linnaeus, 1766), the only species that had a smaller mean relative fecundity ranging between 75 and 98 oocytes/g, had also larger oocytes (1100-1400 µm in diameter) compared with the six remaining species studied, whose ooocyte diameters ranged between 750 and 900 µm. However, this inverse relationship between egg size and fecundity was not verified in the genera Pinguipes: P. brasilianus had higher batch and relative fecundity and larger oocytes than P. chilensis (between 700 and 1100 µm in P. brasilianus vs. <500 µm in P. chilensis, González Kother, 2001 ). Nonetheless, P. brasilianus showed a strong nonlinear positive relationship between relative fecundity and TL, which suggests possible maternal effects. However, this conclusion is based on limited data; hence this possibility should be further investigated. Regarding parental care, despite hundreds of hours of underwater observations on P. brasilianus were made by some of the authors (LAV and AJI) throughout the year (Irigoyen et al., 2013) , no evidence supporting the occurrence of these mechanisms was gathered. Further, despite territorial behaviour is often observed, we never recorded any behavioral displays associated with reproduction, at least during daylight.
The reproductive seasonality in temperate fishes is mainly related to water temperature, photoperiod and food availability (McKaye, 1984; Payne, 1986) . In subtropical environments, however, photoperiod seems to be a more important variable controlling the reproductive cycles (e.g., Giora & Bernhardt Fialho, 2009; Oliveira et al., 2010) . Here we found that, although photoperiod and SST were both related to variations in GSI, the photoperiod was a better predictor for GSI than SST. Regarding gonadal maturation, more than 85% of female P. brasilianus were found in the spawning capable stage between November and February, when daytime exceeded 13.5 hours and SST, 14.5°C. However, about half of the females sampled during August and September were found in the spawning capable stage, as well as a third of the females sampled in October, with lower daytime duration and SST, while a significant proportion of spawning capable males were sampled throughout the year (Fig. S1 , available as Supplementary Material). A similar pattern was also reported by González & Oyarzún (2002) for P. chilensis.
The main difference between the spawning seasons between these species is that the reproductive peak for P. brasilianus extended between late spring and summer, while P. chilensis spawned mainly in summer and autumn. In Argentine waters, the spawning season of P. brasilianus overlapped partially with those from other rocky-reef fishes from Northern Patagonia, like P. semifasciata, whose spawning activity peaks between October and December (Elias & Burgos, 1988; Macchi et al., 1995; González, 1998) and A. patachonicus, which spawns from September through December (Ciechomski & Cassia, 1976; Dell´Arciprete et al., 1987) . This is coincident with the seasonal formation of tidal fronts on the Argentinean shelf (e.g., North Patagonian frontal system, see Sabatini & Martos, 2002 and citations therein; and San José gulf tidal front, see Amoroso & Gagliardini, 2010) which enhances productivity and retention mechanisms which ensure diverse trophic opportunities for fish larvae and early juveniles (Sabatini & Martos, 2002) .
Our results provide a good starting point for further investigation about the ecology and reproductive behavior of P. brasilianus, which will help to fill a literature gap about these topics for pinguipedid species other than those belonging to the genera Parapercis.
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